This study attempted to evaluate the relative roles of vessel distensibility and vessel recruitment in the changes in pulmonary blood volume induced by changes in pulmonary intravascular pressure. Pulmonary blood volume was determined by a double-injection indicator-dilution technique in eight anesthetized open-chest dogs with a right and left ventricular bypass which allowed independent control of pulmonary artery and left atrial pressures. In three dogs, measurements were also taken during reverse perfusion (from the left atrium to the pulmonary artery). During forward perfusion, when left atrial pressure was increased from 7 to 26 cm H 2 O, and, by reducing flow from 3.4 to 1.2 liters/min, pulmonary artery pressure was maintained at 30 cm H 2 O so that recruitment could be considered constant, pulmonary blood volume did not change but remained at about 260 ml. Pulmonary blood volume also did not change during reverse perfusion when pulmonary artery pressure was increased from 8 to 27 cm H 2 O at a constant left atrial pressure (inflow pressure). By contrast, when pulmonary artery pressure was raised by increasing flow, so that vessel recruitment could occur, pulmonary blood volume increased 12 ml for each 1-cm H 2 O increase in pulmonary artery pressure at a constant left atrial pressure of 5 cm H 2 O, and pulmonary blood volume increased 7 ml for each 1-cm H 2 O increase in pulmonary artery pressure at a constant left atrial pressure of 33 cm H 2 O. Therefore, in the range of pressures that we explored, the role of large-vessel distensibility in the changes in pulmonary blood volume observed when intravascular pressures were raised was small.
• Pressure-volume characteristics of the pulmonary vascular bed as a whole have been investigated in excised dog lungs by Sarnoff and Berglund (1) and in excised cat lungs by Frank et al. (2) . Although these studies provided information on the overall relation between intravascular pressure and volume in the pulmonary vascular bed, the redistribution of the increase in volume in the different segments of the bed still remains hazy (3).
The studies of Patel et al. (4) and of Frasher and Sobin (5) on the blood volume and the distensibility of the pulmonary artery and its two main branches in dogs indicated that, though the vessels were distensible, especially at low pressures, only a small fraction of the increase in volume observed in the overall pressure-volume curves could be accommodated in these segments. Lanari and Agrest (6) in the dog and Engelberg and Du Bois (7) in the rabbit found that the fraction of blood that could be accommodated in the pulmonary arterial bed proximal to the point of embolization with potato starch and lycopodium spores, respectively, was also small with respect to total pulmonary blood volume. Engelberg and Du Bois (7), using the same technique during reverse perfusion in the rabbit, observed that the compliance of the venous bed was comparable to that of the arterial bed. Static pressure-volume curves obtained by Howell et al. (8) in isolated dog lobes indicated that the volume contained in the vessels that could be filled by kerosene (arterial 4-venous side) up to about 20 cm H 2 O was less than a third of the total pulmonary blood volume. Finally the radiological observations of Caro (9) in excised rabbit lungs indicated that the distensibility of large pulmonary arteries and veins at pressures higher than about 5 cm H2O was small.
Engelberg and Du Bois (7) and Carlill and Duke (10) concluded that about 70% of the increase in pulmonary blood volume observed when intravascular pressure was raised from 0 mm Hg to 20-30 mm Hg took place in the "small intrapulmonary vessels."
The relative contributions of distensibility of vessels (increase in volume of vessels already containing circulating blood) and recruitment of vessels (blood flow through previously empty vessels) to the changes in pulmonary blood volume have been difficult to evaluate. Certainly the problem cannot be resolved from static pressure-volume curves obtained in excised lungs or lobes, in which arterial and venous pressures cannot be varied independently, or from those obtained in intact dogs (11, 12) or in man (13, 14) , in whom independent control of arterial and venous pressures is impossible.
We designed experiments, the results of which form the basis of this report, with the intent of distinguishing between the contribution to blood volume increments made by distention of vessels and that made by recruitment. Our argument was that increases in outflow pressure should distend vessels distal to capillaries. We therefore measured pulmonary vascular volume as a function of inflow pressure and of outflow pressure during perfusion in situ in both the forward direction (inflow through pulmonary artery) and the reverse direction (inflow through pulmonary vein), without interruption of the circulation, but with independent control of pulmonary arterial and left atrial pressure. This procedure was made possible by use of an open-chest dog preparation in which a right and left ventricular bypass allowed such independent control of vascular pressures. Circulating blood volume was measured by an indicatordilution technique.
The results of these experiments are consistent with the notion that vessel recruitment plays the major role in the increase in pulmonary blood volume and that distensibility of vessels susceptible to increased outflow pressures does not contribute appreciably to observed increases in pulmonary blood volume. However, our results, if taken alone, are ambiguous if there is a portion of the pulmonary vascular system capable of providing substantial increments in vascular volume, that is, if there is a portion distended by increased input pressure. At the time at which we designed these experiments, the existence of such a portion of the vascular system did not occur to us, but Fung and Sobin have suggested a possible model. In a series of three papers (15) (16) (17) they proposed that alveolar blood flows through highly distensible channels, so distensible that there is little pressure drop from the arterial to the venous end of the capillaries. Such vessels are distended by an increase in arterial pressure (or in venous pressure during retrograde flow) and are not distended by an increase in output pressure. Only on the basis of the data to be presented in our report, we cannot distinguish between an increase in pulmonary blood volume due to recruitment and an increase due to distention of capillaries caused by increased input pressure and not by increased output pressure. However, in the Discussion we will refer to a possible method for distinguishing between the two possibilities.
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We anesthetized eight dogs, weighing 20-28 kg, with sodium pentobarbital (30 mg/kg, iv), placed them supine on the operating table, opened their thoraxes by midline sternotomy, and ventilated them with a Harvard respirator. We placed large-bore cannulas into the right and left atria via their respective appendages and drained the blood into two separate reservoirs heated to 38°C. A roller pump (Sams model 3500) pumped the blood from the venous reservoir into the pulmonary artery via a metal cannula inserted through the right ventricle. The left atrial cannula was connected to 15-cm Penrose tubing mounted on an adjustable stand, which acted as a Starling resistor. The stand could be raised or lowered to give any desired left atrial pressure. The left atrial drainage was then led into the arterial reservoir and pumped into the femoral arteries of the dog by another roller pump.
We placed the dog on ventricular bypass without interrupting flow and tied ligatures around the pulmonary artery, the aorta above the coronary ostia, and the atrioventricular groove. Flow was adjusted to maintain pulmonary artery and systemic blood pressure at the level that existed before bypass. The reservoirs and all tubing associated with the extracorporeal circulation had been filled with a mixture of homologous blood and 6% dextran in saline solution. When blood flow was reduced, venous return exceeded pump output, and blood was withdrawn from the reservoirs. When blood flow was increased, venous return had to be adjusted by addition of blood to the reservoirs. The expiratory side of the respirator was connected to a tube, the end of which was placed in a large beaker of water, and expiratory pressure was maintained at 4 cm H2O by adjusting the depth of tube submersion.
The preparation was stable for as long as 6 hours, as estimated by the reproducibility of the pulmonary artery pressure, which for a given flow and left atrial pressure did not vary by more than 2 cm H 2 O, and by the constancy of dynamic lung compliance throughout the experiment. Accordingly, when the lungs were examined at the end of the study, no macroscopic evidence of fluid accumulation was noted. Arterial pH, Pco 2 , and Po 2 were measured intermittently during the study. After onset of bypass there was often a metabolic acidosis which was corrected by administration of NaHCO 8 . We recorded pulmonary artery and left atrial pressures through catheters with lateral holes and tracheal pressure in a side arm of the tracheal cannula with three BB Statham pressure transducers balanced to equal sensitivity on an Electronics-for-Medicine recorder. Pressures were expressed in centimeters of water and referred to the bottom of the lung.
We made a series of measurements of the circulating pulmonary blood volume under die following experimental conditions. (1) We raised pulmonary artery pressure (inflow pressure) by increasing the rate of flow through the lungs while holding left atrial pressure (outflow pressure) constant by lowering the level of the Starling resistor. This procedure was carried out at a left atrial pressure lower than tracheal pressure (with the whole height of the lung in zone 2 [15] ) and at a left atrial pressure higher than tracheal pressure at the top of the lung (with the whole height of the lung in zone 3 [18] ). (2) We raised left atrial pressure (outflow pressure) by raising the level of the Starling resistor while holding pulmonary artery pressure (inflow pressure) constant by simultaneously lowering the flow. (3) In three dogs, after both series of measurements described above, we reversed the direction of blood flow through the lungs by pumping the venous blood into the left atrium and draining the arterialized blood from the pulmonary artery. This inversion could be accomplished instantaneously by changing the position of two clamps on the tubing leading the blood to the lungs from the venous reservoir and draining the arterialized blood into the arterial reservoir. We then raised inflow pressure (left atrial pressure) at constant outflow pressure (pulmonary artery pressure) and raised outflow pressure at constant inflow pressure, as previously done during forward perfusion. Then we again changed the direction of flow back to the normal direction and repeated the first two procedures outlined above for a control.
We took all measurements about 5 minutes after each pressure or flow change. After each series of measurements, pressures and flow were brought back to the level that existed before bypass. We usually progressed both from low flow and low pressure to high flow and high pressure and vice versa. We determined pulmonary blood volume by a double-injection indicator-dilution technique, which has been previously described (19) . Two indicators (indocyanine green and 09 Tc-human serum albumin) were injected simultaneously, one just at the outlet of the metal cannula leading the blood into the pulmonary artery and the other into the left atrium. Timeconcentration curves for both indicators were recorded in the cannula draining the left atrium just beyond a stricture designed to produce local turbulence. Two automatic injectors' (Sage Instruments), electrically triggered, delivered 0.3 ml of injectate, preloaded in catheters with multiple lateral holes, in 0.15 seconds by flushing with 6 ml of saline solution. The triggering signal was recorded automatically on the tracing of the dilution curves. The sampling-detecting devices Sampling was performed by a continuous-withdrawal pump (Harvard) at a rate of 1.5 ml/sec. During reverse perfusion, one indicator was injected into the left atrial cannula proximal to the stricture and the other at the outlet of the pulmonary artery cannula, and their time-concentration curves were recorded in the pulmonary artery cannula distal to an appropriate stricture.
The time-concentration curves of both indicators could be followed down to zero before any recirculation was apparent. However, below 1 mm above base line, they were extrapolated monoexponentially down to 0.1 mm. This level represented, on the average, a thousandth of the peak value.
The time-concentration curves were then deconvoluted numerically with the aid of a digital computer to obtain the distribution of pulmonary transit times (19) . The mean transit time was calculated as the mean of the distribution. We measured flow with a differential flowmeter which was calibrated at the end of the study by timed collection into a graduated cylinder. The flowmeter consisted of two matched Statham transducers connected to the opposite sides of a glass tube with a 2.5-mm diameter constriction in the middle. The assembly was inserted proximally to the pulmonary artery cannula. The transducers were balanced at zero flow on a special Wheatstone bridge circuit and gave a deflection of about 10 cm for a flow of 1 liter/min. A zerosuppression system was used. The zero-flow line was checked before each measurement, but it had no appreciable drift. Calibration curves were reproducible on successive days. Pulmonary blood volume was calculated as the product of flow and pulmonary mean transit time. During reverse perfusion the value of left atrial blood volume, obtained during forward perfusion at a corresponding pressure, was subtracted from the volume obtained by multiplying flow and mean transit time between the two injection sites. Left atrial blood volume, obtained as the product of die mean time-concentration curve of the indicator injected into the left atrium and the flow (during forward perfusion), was about a tenth of the pulmonary blood volume.
Results
The preparation used in this study had a low pulmonary vascular resistance throughout the experiment: with the lungs in zone 3 the Table 1 the values of pulmonary blood volume obtained at a given value of pressure and flow were very reproducible, and no hysteresis was observed (Fig. 1) .
CHANGES OF OUTFLOW PRESSURE AT CONSTANT INR.0W PRESSURE
Forward Perfusion.-In 11 pairs of measurements in the six dogs in which we increased left atrial pressure by raising the level of the Starling resistor and held pulmonary artery pressure constant by simultaneously lowering the flow rate through the lungs so that the lungs passed from zone 2 to zone 3, pulmonary blood volume did not change consistently, as illustrated on the left in Figure  2 . At the same level of pulmonary artery pressure (30 cm H 2 O), pulmonary blood volume was, on the average, 259 ml at low left atrial pressure (7 cm H 2 O) and high flow (3.41 liters/min) and 265 ml at high left atrial pressure (26 cm H 2 O) and low flow (1.16 liters/min).
Reverse Perfusion.-In the three dogs in which the lungs were also perfused from the left atrium to the pulmonary artery, at the same flow the inflow pressure was consistently 3-5 cm H 2 O higher during reverse perfusion than it was during forward perfusion for comparable levels of outflow pressure, but the values of pulmonary blood volume were similar. In five pairs of measurements in the three dogs at an average inflow pressure (left atrial pressure) of 32 cm H 2 equaled 268 ml), as shown on the right in Figure 2 .
CHANGES OF INFLOW PRESSURE AT CONSTANT OUTFLOW PRESSURE
In all eight dogs during forward perfusion, pulmonary blood volume increased consistently when, at a constant left atrial pressure, we raised pulmonary artery pressure by increasing the flow through the lungs. On the average, pulmonary artery pressure increased from 21 cm H 2 O to 30 cm H^O at a constant left atrial pressure of 5 cm H 2 O when the flow was raised from 1.08 liters/min to 3.66 liters/min, and pulmonary blood volume increased from 163 ml to 279 ml, that is, 12 ml/cm H2O increase in pulmonary artery pressure. For approximately the same changes of flow, pulmonary blood volume increased only from 284 ml to 341 ml (7 ml/cm H 2 O increase in pulmonary artery pressure) when outflow pressure was maintained constant at 33 cm H 2 O (and pulmonary artery pressure increased from 36 cm H 2 O to 44 cm H 2 O). This fact is illustrated in the typical example depicted in Figure 3 . When the values of pulmonary blood volume were plotted versus the corresponding values of pulmonary artery pressure, they appeared to lie on the same pressure-volume curve regard- less of whether they were obtained at low or high left atrial pressure (Fig. 4) . The same type of findings were obtained during reverse perfusion when left atrial pressure was increased at a constant pulmonary artery pressure. Also these values, when plotted versus the corresponding inflow pressure values, appear to lie on the same pressure-volume curve independently of the value of the outflow pressure (Fig. 5) .
Discussion
We explored the range of intravascular pressures encountered under physiological and pathological conditions. Over this range we did not observe any hysteresis, in contrast Results of a typical experiment. considered all the data together, regardless of the sequence in which they were obtained. Our findings can be summarized by pointing out that, during both forward and reverse perfusion, the inflow pressure was the major determinant of pulmonary blood volume. Outflow pressure had no appreciable influence on pulmonary blood volume as long as it did not affect inflow pressure, as shown in Figures  4 and 5 . There are two possible explanations for the increase in pulmonary blood volume: either vessels through which blood was already flowing were distended or vessels through which blood was not flowing were recruited. (Recruitment implies that there is a family of critical closing pressures in the pulmonary circulation.) Do our observations distinguish between these two possibilities?
One would expect increased outflow pressure to cause distention. It did not cause enough increase in circulating blood volume to be detected by our method, yet increased inflow pressure did. It might be proposed that, if the major resistance site was downstream from the major distensible site, an increase in outflow pressure would have little effect on the pressure across the distensible site. But since we observed that outflow pressure was ineffective both when the lung was perfused in the normal or forward direction and when it was perfused in the reverse direction, such a proposal implies that the major resistance was in the veins for forward perfusion but in the arteries for reverse perfusion. Not only does this behavior seem implausible, but it is incompatible with observations by Brody et al. (22) and by Piiper (23) on the pressure profile in the pulmonary circulation. According to these studies, vascular resistance is approximately equally distributed between the arterial and the venous side (23) or among arteries, capillaries, and veins (22) . Therefore, mid capillary pressure should rise when conditions are changed from high flow and low outflow pressure to low flow and high outflow pressure. Yet we detected no increase in pulmonary blood volume.
Our method of determining pulmonary blood volume measures circulating blood volume only. Hence it does not allow us to distinguish between recruitment of previously empty vessels and recruitment of vessels containing stagnant blood. If there is recruitment of vessels containing stagnant blood, then the actual increase of static pulmonary blood volume is smaller than the dynamic increase measured by our method. This possibility does not affect interpretation of the findings obtained when outflow pressure was raised at constant inflow pressure.
The changes of outflow pressure at constant inflow pressure allowed us to maintain constant the level of recruitment or the average number of open channels and thus to determine the changes in volume of the vessels on the venous side during forward perfusion and on the arterial side during reverse perfusion.
Under this condition of constant inflow pressure, we did not detect any consistent changes in pulmonary blood volume when outflow pressures were elevated. Factors tending to maintain transmural pressure constant (such as perivascular edema or increased muscular tone) could be invoked to account Circulation RMMTcb, Vol. XXXI, August 1972 for the failure of pulmonary blood volume to increase when, at constant inflow pressure, outflow pressure was raised. The occurrence of perivascular edema has been reported by West et al. (24) to alter the resistance to flow; our preparation, however, was much more stable than their excised lobes and was not prone to fluid transudation as their preparation was. Furthermore, according to the findings of Levine et al. (25) on Starling equilibrium in lung vessels, our pressures were not high enough or sustained long enough to cause appreciable fluid accumulation in the lung. Indeed, in a series of studies carried out with the same preparation no significant changes of total lung water, determined by weight, were observed in lungs excised at high left atrial pressure during forward perfusion (26) . Given the deep level of the anesthesia in our preparation, persistence of reflexes capable of increasing vessel tone in response to high left atrial pressure appears rather unlikelyWe do not deny that blood vessels are distensible. But, over the range of pressures in our experiments, the contribution of distensibility of vessels on the arterial and venous sides to increased pulmonary blood volume was too small to be detected. For example, in dogs, according to the data of Lewis and Herrera (27) the volume of blood in the pulmonary arterial side is about 253> of the total pulmonary blood volume. A similar figure can be calculated from the data of Reuben et al. (28) for a normal value of pulmonary artery pressure. Hence it seems reasonable that, in our case, since pulmonary artery pressure averaged 32 cm H 2 O, the value of arterial blood volume might not exceed 20% of pulmonary blood volume. Assuming then that, as the outflow pressure increased from 8 to 28 mm Hg arterial blood volume rose by 40*, this increase would represent less than an 8% change in pulmonary blood volume. Finally as to the role played by changes of crosssectional area of already perfused capillaries observed by Glazier et al. (29) in isolated lungs of dogs, it appears to be small in our experimental preparation in the range of pressures explored.
In contrast to the small and inconsistent changes in pulmonary blood volume observed when outflow pressure was raised at constant inflow pressure, changes in pulmonary blood volume when inflow pressure was varied at constant outflow pressure were consistent and large, 12 ml/cm H2O as pulmonary artery pressure passed from 21 to 30 cm H 2 O and 7 ml/cm H 2 O as pulmonary artery pressure passed from 36 to 44 cm H2O.
We indicated in the Introduction that, although the results of our experiments are not consistent with the view that distention of large vessels contributes substantially to increases in pulmonary blood volume, they do not distinguish between the possibility that an increase in pulmonary blood volume caused by an increase in inflow pressure is due to recruitment of new channels and the possibility that it is due to distention of capillaries, if it can be shown that pressure within pulmonary capillaries reflects (i.e., is a function of) arterial pressure and not venous pressure when the direction of blood flow is from artery to vein and reflects venous pressure and not arterial pressure when blood flow is retrograde. We noted that Fung and Sobin (15) (16) (17) have proposed just such a capillary model. Glazier et al. (29) have described appropriate changes in cross-sectional area of capillaries in isolated lungs of dogs in response to changes in pulmonary arterial pressure, but there is room for doubt as to whether the increases in capillary cross-sectional area were large enough, over a range of pulmonary artery pressures comparable to that used in our experiments, to account for increases in pulmonary blood volume as large as we observed. It is clear, however, that whether the increase in pulmonary blood volume is due to recruitment or distention a substantial part of the increase resides in capillaries. Results of studies of capillary blood volume by the carbon monoxide method obtained in a similar preparation by Karp et al. (30) , using the single-breath approach, and by Caldini et al.
(31), using the steady-state approach, are in agreement with this observation. Capillary blood volume was determined by the level of inflow pressure.
Although we cannot, by the experiments described in this paper, distinguish between the two possible causes of increased pulmonary blood volume, both serving to increase volume of small blood vessels, current work in our laboratories has suggested a means that might separate them. We have observed, in a preparation of excised dog lung in which weight is recorded continuously, that the increase in weight accompanying increased pulmonary artery pressure is accounted for entirely by increased blood volume, calculated from indicator-dilution curves. This observation denies that, over the range of pressures used in our experiments, there is an increase in extravascular water in response to increased pulmonary artery pressure. Yet, in experiments on the dog lung in situ in a preparation similar to that used in the present report, two groups of our colleagues did find an increase in the extravascular m I-antipyrine space accompanying the increase in indocyanine green (or albumin) space in response to increased pulmonary artery pressure. This result does not seem to be compatible with the notion that the increase in blood volume was due to distention of small vessels, for if it were then the increase in 128 I-antipyrine space should be associated with a gain in lung weight equal to the sum of the increase in vascular and in extravascular space. On the other hand, the results are compatible with the notion that the increase in blood volume was due to recruitment, for if there is no blood flow through a capillary 125 I-antipyrine can reach the perivascular space of that capillary only by diffusion from other capillaries. This process is so slow that it cannot be detected by ordinary indicator-dilution methods. Therefore, the true extravascular volume would not be increased by increased pulmonary artery pressure, but the extravascular 325 I-antipyrine space would be. These preliminary results are not offered in evidence. They suggest experiments to be carried out in the 
